Abstract While photosynthetic responses to elevated CO 2 , elevated temperature, or water availability have previously been reported for grapevine as responses to single stress factors, reports on the combined effect of multiple stress factors are scarce. In the present work, we evaluated effects of simulated climate change [CC; 700 ppm CO 2 , 28/18°C, and 33/53 % relative humidity (RH), day/night] versus current conditions (375 ppm CO 2 , 24/14°C, and 45/65 % RH), water availability (well-irrigated vs. water deficit), and different types of soil textures (41, 19, and 8 % of soil clay contents) on grapevine (Vitis vinifera L. cv. Tempranillo) photosynthesis. Plants were grown using the fruit-bearing cutting model. CC increased the photosynthetic activity of grapevine plants grown under well-watered conditions, but such beneficial effects of elevated CO 2 , elevated temperature, and low RH were abolished by water deficit. Under water-deficit conditions, plants subjected to CC conditions had similar photosynthetic rates as those grown under current conditions, despite their higher sub-stomatal CO 2 concentrations. As expected, water deficit reduced photosynthetic activity in association with inducing stomatal closure that prevents water loss. Evidence for photosynthetic downregulation under elevated CO 2 was observed, with decreases in photosynthetic capacity and leaf N content and increases in the C/N ratio in plants subjected to CC conditions. Soil texture had no marked effects on photosynthesis and did not modify the photosynthetic response to CC and water-deficit conditions. However, in mature well-irrigated plants grown in the soils with the highest sand content, an important decrease in stomatal conductance was observed as well as a slight decrease in the utilization of absorbed light in photosynthetic electron transport (measured as photochemical quenching), possibly related to a low water-retention capacity of these soils even under well-watered conditions.
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Introduction
Climate change (CC), defined as any change in the state of the climate that persists for an extended period of time (Intergovernmental Panel on Climate Change, IPCC 2013), is an inevitable challenge society will have to cope with in upcoming decades (Fraga et al. 2012) . CC is expected to have a significant impact on crop growth, which is determined by the weather conditions during the growing season (Caffarra and Eccel 2011) . Carbon dioxide (CO 2 ) is the most important anthropogenic greenhouse gas, and its concentration has increased by about 40 % from 1800 to 2012 (National Academy of Sciences 2014), mainly as a result of fossil-fuel burning, deforestation and intensive animal husbandry . It is expected that atmospheric CO 2 levels could increase to approximately 700 ppm by the end of the present century (IPCC 2013) . The main impacts of global warming predicted by most climate models are higher and more variable temperatures with a significant increase of summer air temperature, changes in precipitation patterns (lower and more erratic rainfall leading to water stress), and a higher frequency of extreme events (Moutinho-Pereira et al. 2009 ). The period from 1983 to 2012 was probably the warmest 30-year period in more than 800 years (National Academy of Sciences 2014). If greenhouse-gas emissions continue at current rates, without either technological or regulatory abatement, air temperature is expected to increase up to 4.8°C by the end of the twenty-first century (National Academy of Sciences 2014). For the particular case of Mediterranean environments, climate models predict an increase in winter temperature combined with changes in rainfall amount and distribution (Ashour and Al-Najar 2012) . Grapevine growth is sensitive to environmental factors, including atmospheric CO 2 concentration, air temperature, and water availability (Salazar-Parra et al. 2010) , thus making grapevine vulnerable to CC (Fraga et al. 2014) . Increases in the atmospheric CO 2 concentration enhance photosynthetic rates (A N ) and decrease transpiration (E) and stomatal conductance (g S ) over the short term (Drake et al. 1997; Long et al. 2004 ). However, during long-term exposure (days-weeks), these effects may, at least partly, be abolished by downregulation of photosynthesis Salazar-Parra et al. 2015) . On the other hand, lasting increases in C fixation in response to elevated atmospheric CO 2 levels have been reported for certain species (such as oak and soybean; Campbell et al. 1990; Maroco et al. 2002) . In vineyards, air temperature is considered the most important factor for overall growth and productivity (Jones and Alves 2012) . Grapevine photosynthesis is severely impeded at high temperatures, while respiration can be initially enhanced before being impaired (Greer and Weston 2010) . In addition, drought effects on grapevine photosynthesis have been widely reported (Salazar-Parra et al. 2012a) . Stomatal closure and decreases in mesophyll conductance to CO 2 are early responses to water stress, whereby low CO 2 concentrations in the chloroplast limit photosynthetic C fixation (Flexas et al. 2002; SalazarParra et al. 2012a) . When drought progresses, the capacity of grapevine photosynthesis (i.e., photochemistry and biochemistry) can also be affected (Morales et al. 2006) .
Given the economic importance of grapevine, it is critical to assess the physiological response of this species to changes in environmental factors related to CC. Nevertheless, information about the effects of CC on grapevine photosynthesis is rather fragmentary (Salazar-Parra et al. 2012a . Some studies have documented effects of elevated CO 2 concentration, water availability, and elevated temperature independently (see above), but not yet in combination because multifactorial studies are complex, difficult, and expensive to execute under field conditions (Bindi et al. 2001; Salazar-Parra et al. 2010 , 2012a Albert et al. 2011) . Today, advanced methodologies are available for using greenhouses to simulate CC scenarios , enabling comparison of current and future conditions. In the present work, we used a new greenhouse concept for plant research, the growth chamber-greenhouse (GCG; Morales et al. 2014) .
It is widely known that certain grapevine varieties produce the best results in soils with specific characteristics (Fraga et al. 2012) , and that soil properties, such as clay fraction and soil depth (Bodin and Morlat 2006) , affect grapevine development and production (Tardáguila et al. 2011) . In this regard, soil texture is a fundamental soil property used as a qualitative classification tool to determine other soil properties, such as soil plasticity, drainage, and available water content (Fraga et al. 2014) . Soil influences grapevine water status via soil water-holding capacity (van Leeuwen et al. 2009 ). In addition, soils and climate have been pointed out as the main factors for highquality wine production, and soil water content may be the key factor of this interaction with grapevine (Ramos and Martínez-Casasnovas 2010) . Moreover, some authors have reported that water and nutrients derived from the soil, combined with climate, can strongly influence the ratio of vegetative-to-reproductive growth in grapevine (grapevine balance; Anderson et al. 2008) . Despite its acknowledged importance for grape and wine production, few studies have attempted to quantify soil effects (Tramontini et al. 2014) . Therefore, it is important to study the interaction of estimated future conditions, such as atmospheric CO 2 concentration, temperature, relative humidity (RH), or water availability, with soil type.
The aim of the present study was to evaluate the combined effect of elevated CO 2 , elevated temperature, and reduced RH on photosynthetic performance of grapevine (Vitis vinifera L.) grown under different soil textures and irrigation regimes. Within this aim, Tempranillo was used as an internationally recognized cultivar from a major wine geographic region (La Rioja and Navarre, Spain).
Materials and methods

Plant material and growth conditions
Dormant cuttings of V. vinifera L. (cv. Tempranillo clone RJ-43) were obtained in 2012 from an experimental vineyard of the Institute of Sciences of Vine and Wine (Logroño, Spain). Cuttings were selected to obtain fruit-bearing cuttings according to Mullins (1966) and modified by Ollat et al. (1998) and Santa María (2004) . The fruit-bearing cutting model system for grapevine (fruiting plants developed from own-rooted cuttings) was used, which provided a feasible system to study environmental effects on grapevine physiology without other confounding environmental influences. This model allows for development of vegetative (roots, leaves, and shoots) and reproductive (inflorescences and clusters) organs as seen in vineyardgrown grapevine under fully controlled environmental conditions. Plants obtained in this way respond like vineyard-grown plants to culture conditions (Ollat et al. 1998; Lebon et al. 2005) . Indeed, the fruit-bearing cutting model has previously been useful in the evaluation of physiological responses of grapevine, as well as berry ripening, to environmental or developmental factors (Antolín et al. 2010; Salazar-Parra et al. 2010 , 2012a , b, 2015 Martínez-Lüscher et al. 2013 , 2014a .
Rooting was induced using indole butyric acid (September 2012) in a rock-wool heat-bed (27°C) kept in a cool room (4°C). One month later (October 2012), rooted cuttings were planted in 2-L plastic pots containing a mixture of perlite, vermiculite, and peat (1:1:1, v/v/v) and transferred to the first greenhouse. Only a single flowering stem was allowed to develop on each plant. Growth conditions until fruit set were 24/14°C and 60/70 % RH (day/ night) and natural daylight supplemented with metal halogen lamps (HQI-TS 400 W/D Osram, Augsburg, Germany) to extend the photoperiod up to 14 h and ensure a minimum photosynthetic photon flux density (PPFD) of 500-600 lmol m -2 s -1 from 7 a.m. to 9 p.m. . Humidity and temperature were controlled using M22W2HT4X transmitters (Rotronic Instrument Corp., Hauppauge, USA). PPFD was monitored using a LI-190SZ quantum sensor (LI-COR, Lincoln, USA). Plants were irrigated with the nutrient solution proposed by Ollat et al. (1998) .
Experimental design
At fruit set, plants were transferred to the GCGs and divided into 12 homogeneous groups of 8-10 plants. These plants were selected to have similar grape cluster (bunch) sizes. From fruit set to maturity (defined at 21-23°Brix), plants were subjected to (i) two ambient conditions, combining two CO 2 concentrations, two temperature (T), and two RH regimes, representative of CC (700 ppm CO 2 , 28/18°C, day/night and 33/53 % RH, day/night) versus current conditions (Curr; 375 ppm CO 2 , 24/14°C, and 45/65 % RH), (ii) three soil textures: 41, 19, and 8 % of soil clay content, and (iii) two water regimes, i.e., wellirrigated versus water deficit (60 % of the water applied to the irrigated plants). Thus, 12 treatments were applied in a factorial design (2 growth condition regimes 9 3 soil textures 9 2 water availabilities; Table 1 ). Vegetative growth was not pruning controlled.
Conditions predicted by the IPCC (2007) for the period 2070-2100 were simulated in two different GCGs, leading to an increase of the CO 2 concentration up to 700 ppm and an increase in air temperature of 4°C. Regarding RH, ENSEMBLES models (based on IPCC data), according to the Max Planck Institute model (MPI-ECHAM5, Roeckner (2015) 124:199-215 201 et al. 2003) , state that RH for the summer period will be 12 % lower (change signal) at the end of the present century in the geographic area of study (i.e., in the grid or region of interest of Navarre, Basque Country and La Rioja). Soils with a high content of red clay are frequent in La Rioja. As already mentioned, the present work aimed to simulate CC conditions for the latter wine-producing area under the influence of three soil-contrasting textures. In order to be as close as possible to the vineyard soil conditions, a typical clay soil from La Rioja, with a high pH and low organic matter content, was collected and mixed with sand obtaining three different soil textures, i.e., 41 % clay (soil), 19 % clay (soil and sand 1:1, v/v), and 8 % clay (soil and sand 1:3, v/v), and placed in 6.5-L plastic pots at fruit set. Silica sand, instead of sandy soil, was used for mixtures, thus avoiding the changes in pH, organic matter, and nutrients seen in sandy soil. Properties of the different soil:sand mixtures are shown in Table 2 . There were differences in the initial nutrient contents in the three soil mixtures used during treatments (Table 2 ). However, it should be taken into account that all plants were irrigated during the treatments with half-strength Hoagland nutrient solution (see below), which minimized the effect of initial soil-nutrient contents.
Water-retention capacity ( Fig. 1) as well as field capacity and the permanent wilting point of the three soils (Table 2) were determined using a Richards' pressure membrane apparatus (Richards 1941) . Container capacity and maximal soil water-retention capacity (Table 2) were also measured using the following procedure. Pots with plants were irrigated to saturation; then pots were covered to prevent evaporation, and soil moisture was measured and weighed each 24 h until changes were very small, at which point soil moisture content is an estimate of container capacity. Bulk density (Table 2) , the weight of a soil in a given volume, was calculated weighing the dry soil contained in recipients of 4 L.
Well-irrigated plants were maintained at field capacity of 20-35 % of soil water content. In the water-deficit treatment, plants received 60 % of the water applied to well-irrigated plants. This water-deficit level was chosen to match conditions predicted for the end of the present century in the grid (or region of interest) of Navarre, (Nijensohn and Pizarro 1960) e Total N (dry combustion using a Leco TruSpec Ò 13 CHNs)
Basque Country and La Rioja by the model of the Max Planck Institute, i.e., 40 % lower precipitation in the summer. Soil water sensors (EC-5 volumetric water content sensor, Decagon Devices, Washington and Watermark soil moisture sensor, Spectrum Technologies, Inc., Illinois) were placed into pots to control irrigation. Plants were irrigated, from fruit set to ripeness, with half-strength Hoagland nutrient solution (Hoagland and Arnon 1950) or distilled water to provide the same amount of nutrients to all treatments.
Stem water potential measurements
Stem water potential (w) was measured at veraison (onset of ripening) and maturity in young fully expanded leaves (8th-10th nodes from the top), using a Scholander chamber (Soil Moisture Equipment Corp., Santa Barbara, USA), according to the methodology described by Scholander et al. (1965) . Measurements were made close to solar noon (between 12:00 and 14:00 h). Leaves were covered with plastic bags and aluminum foils for 2 h prior to measurements in order to prevent leaf transpiration and allow leaf and stem water potential to equilibrate (Begg and Turner 1970) .
Gas-exchange and chlorophyll fluorescence measurements
Gas-exchange measurements were conducted at veraison and maturity in young fully expanded leaves (8th-10th nodes from the top), using a portable photosynthesis system (GFS-3000, Walz, Effeltrich, Germany) with a 2.5-cm 2 cuvette. Measurements were performed 2 h after sunrise, under the PPFD of 1200 lmol photons m -2 s -1 . CO 2 concentration, temperature, and RH in the measurement chamber were set according to the respective growth conditions (375 ppm CO 2 , 45 % RH, and 24°C or 700 ppm CO 2 , 33 % RH, and 28°C for Curr and CC conditions, respectively). In addition, plants grown under Curr were also measured under CC in the measurement chamber to estimate the level of photosynthetic downregulation of plants grown under CC Salazar-Parra et al. 2015) . Net photosynthesis (A N ), transpiration (E), stomatal conductance (g S ), and sub-stomatal CO 2 concentration (C i ) were calculated. Chlorophyll (Chl) fluorescence was measured, immediately after gas-exchange measurements, by a fluorescence module (PAM fluorometer 3055-FL, Walz, Germany) attached to the photosynthesis equipment. Photochemical quenching (q P ), actual (U PSII ), and intrinsic (U exc. ) PSII (photosystem II) efficiencies were calculated (Murchie and Lawson 2013) . Photorespiration rate (R L ) was estimated from combined measurements of fluorescence and gas exchange according to Valentini et al. (1995) , as
This R L is a gross estimation because this method assumes that photochemical energy is used exclusively in photosynthesis and glycolate photorespiration. Thus, the estimated rates of photorespiration should be the expected maximum values.
Electron-transport rate (ETR) was calculated according to the method by Krall and Edwards (1992) as U PSII 9 PPFD 9 0.84 9 0.5, where U PSII is the product of q P 9 -U exc. , PPFD is the photosynthetic photon flux density incident on the leaf, 0.5 was used as the fraction of excitation energy distributed to PSII (Ö gren and Evans 1993) and 0.84 as the fractional light absorbance (Morales et al. 1991) , regardless of the treatment assayed, based on the constancy of leaf greenness. This is considered the most common absorptance coefficient for V. vinifera leaves under a wide range of environmental conditions and ages (Schultz 1996) . q P is related to the probability of starting a photochemical reaction when a photon is absorbed and is thus a measure of photosynthetic electron transport. In darkness, q P = 1, and q P and 1 -q P are estimates of the proportion of PSII centers that are open (capable of starting a photochemical reaction) or closed (not capable), respectively. Actual PSII photochemical efficiency is a product of intrinsic PSII photochemical efficiency (F Other researchers use the a term to calculate ETR, which includes the product of leaf absorbance and the partitioning of absorbed quanta between PSI and PSII, and can also be determined as the slope of the relationship Photosynth Res (2015) 124:199-215 203 between U PSII and U CO 2 (i.e., the quantum efficiency of gross CO 2 fixation), obtained by varying light intensity under non-photorespiratory conditions in an atmosphere containing \1 % O 2 (Valentini et al. 1995 (2014), where measuring conditions were identical to the conditions in the present study.
In cases where air humidity differs, as in CC and Curr greenhouses, it is preferable to use A N /g S [intrinsic wateruse efficiency (WUE)] than A N /E (instantaneous WUE), thus avoiding changes in transpiration. Therefore, intrinsic WUE was calculated.
Leaf N and C/N ratio measurements
Young fully expanded leaves (8th-10th nodes from the top) were sampled at veraison and maturity. They were dried at 70°C in a forced-air oven for 48 h. Dry leaf tissue (0.1 g) was analyzed for N and C using dry combustion and an elemental analyzer (TruSpec CN, Leco, St. Joseph, Michigan). C/N ratio was also calculated.
Photosynthetic pigment measurements
Chl a, Chl b, and total carotenoids were measured at maturity according to Abadía et al. (1999) , with slight modifications. N 2 liquid-frozen leaf disks from young fully expanded leaves (8th-10th nodes from the top) of 1 cm 2 were extracted with 100 % acetone in the presence of Na ascorbate. Samples were ground using a vibratory mill Retsch MM301 and filtered through a 0.45-lm filter. Extracts were measured in a spectrophotometer (UVMini 1240, Shimadzu, Kyoto, Japan), against an acetone blank, at 470, 644.8, and 661.6 nm and checked for turbidity at 730 nm.
Statistical analysis
Statistical analysis was carried out with R software (R Development Core Team, Vienna, Austria). Data were analyzed via three-way analysis of variance (CO 2 -temperature-RH) regime, soil texture, and water availability) to investigate the effects of CC, different soil textures, different levels of irrigation and their interactions. The design was a completely randomized design model. Results were considered statistically significant at p \ 0.05. The Tukey HSD test was used as a post hoc technique when effects of treatments were statistically significant. When there was any interaction among factors, further analysis of variance was conducted separating factors into levels. We used one leaf per plant, and 8-10 plants per treatment (n = 8-10). Young, fully expanded leaves (8th-10th nodes from the top) were used. All measurements were carried out at veraison and maturity, with the exception of photosynthetic pigment determinations that were only made at maturity. Data are presented as mean ± standard error. Veraison and maturity data were plotted independently.
Results
Changes in stem water potential with climatechange simulation, water availability, and soil textures Stem water potential (w) was significantly lower (more negative) under CC conditions (elevated CO 2 , elevated temperature, and reduced RH) compared with current situation (Curr), both at veraison and maturity (Fig. 2a, b) . Water deficit significantly reduced stem water potential compared with well-irrigated plants, regardless of the CO 2 -T-RH regime (Fig. 2a, b) . w values were, in general, more negative at maturity (Fig. 2b) . No significant differences in water relations were observed among plants grown with different soil textures.
Changes in gas-exchange traits with climate-change simulation, water availability, and soil textures CC significantly increased net photosynthesis (A N ) in wellirrigated plants (61 % at veraison and 38 % at maturity), but not in plants subjected to water deficit (Fig. 3a, b) . Water deficit plants always had lower A N values (up to 50 % at veraison and 56 % at maturity) compared to wellwatered plants. Significant interactions between CO 2 -T-RH regime and water availability were observed both at veraison and maturity (Fig. 3a, b) . Soil texture did not affect A N in any case. There was no significant difference in A N between veraison and maturity (p = 0.317).
Both at veraison and maturity, plants grown under water deficit had lower stomatal conductance (g S ) compared with well-irrigated plants, independently of CC or Curr conditions (Fig. 3c, d ). Significant differences were observed only at maturity, in terms of CO 2 -T-RH regime, g S being lower (69 %) in CC plants grown under water deficit (Fig. 3d) . In well-irrigated plants, CC-mediated g S decreases (19 %; p = 0.10) at maturity were not significant (Fig. 3d) . Furthermore, there was an interaction between water availability and soil texture at maturity (Fig. 4) . Among well-irrigated plants, those grown in soils with more clay had higher g S than those grown in soils with more sand. However, soil texture did not affect g S in plants under water deficit (Fig. 4) .
Plants grown under CC had higher sub-stomatal CO 2 concentrations (C i ) than plants grown under Curr, both at veraison and maturity (Fig. 3e, f) . Well-irrigated plants had higher C i than water-stressed plants, at both sampling dates (Fig. 3e, f) . There was an interaction among CO 2 -T-RH regime and water availability at maturity (Fig. 3f ), but this interaction came only from the difference in the significance level and not because of opposite effects between treatments. Soil texture did not affect C i .
The response of photorespiration (R L ) was similar at veraison and maturity (Fig. 3g, h ). In well-irrigated plants, R L was reduced (38 % at veraison and 26 % at maturity) by CC compared with Curr (Fig. 3g, h ). By contrast, these differences between CO 2 -T-RH regimes disappeared under water-deficit conditions (Fig. 3g, h ). Water deficit significantly increased R L (30 % on average) under both CC and Curr (Fig. 3g, h ). Significant interactions between CO 2 -T-RH regime and water availability were observed both at veraison and maturity (Fig. 3g, h ). Soil texture did not affect R L .
Either CC or water deficit, when applied as single factors, significantly increased intrinsic WUE of grapevine plants at either veraison or maturity, compared to plants grown under Curr or well-irrigated conditions, respectively (Fig. 3i, j) . However, such enhancement was clearly higher when CC and water deficit were applied simultaneously (Fig. 3i, j) . In fact, a significant synergistic interaction between CO 2 -T-RH regime and water availability was observed for intrinsic WUE at maturity (Fig. 3j) .
When plants grown under Curr were measured under CC in the measurement chamber (700 ppm CO 2 , 28°C, and 33 % RH), A N at veraison was slightly lower than that of plants grown and measured under CC (Table 3) . By contrast, at maturity, A N of plants grown under Curr and measured under CC was 18 % higher (differences not statistically significant) compared with that of plants grown and measured at CC (Table 3) . CC significantly reduced N concentration and increased the C/N ratio of grapevine leaves both at veraison and maturity (Table 3) .
Changes in chlorophyll fluorescence parameters in response to climate-change simulation, water availability, and soil textures Neither CC nor water deficit altered actual PSII efficiency (U PSII ) at veraison (Fig. 5a ). Soil texture affected U PSII , and plants grown in soils with more clay had higher U PSII than plants grown in soils with more sand (Fig. 6a) . At maturity, plants grown under water deficit had significantly lower U PSII (7 %) than well-irrigated plants (Fig. 5b) . Plants grown under CC had lower q P (12 %) than those grown under Curr at veraison (Fig. 5c ). Water deficit (relative to well-watered conditions) significantly increased q P both at veraison and maturity (Fig. 5c, d ). At maturity, plants grown in soils with more clay had higher q P than plants grown in soils with more sand (Fig. 6b) . No significant interactions among factors were observed for U PSII and q P (Fig. 5) . At veraison, CC significantly increased intrinsic PSII efficiency (U exc. ) only under well-watered conditions (Fig. 7a) . Water deficit significantly reduced U exc. in plants grown in medium soils and under Curr (Fig. 7a) . At maturity, CC generally did not significantly affect U exc. (Figure 7b ). Plants grown under water-deficit conditions had, in general, lower values of U exc . Plants (Fig. 7b) .
Changes in photosynthetic pigments with climatechange simulation, water availability, and soil textures At maturity, CC slightly increased the levels of Chl a and Chl b (5 and 15 %, respectively) in comparison with Curr (Fig. 8a, b) . Water-deficit (compared with well-watered) conditions also increased Chl a and Chl b (11 and 16 %, respectively; Fig. 8a, b) . The Chl a/Chl b ratio was lower in plants under CC or water-deficit treatments than in plants under Curr or well-irrigated conditions (6 % in both cases; Fig. 8c ). Water deficit (vs. well-watered conditions) significantly increased (up to 13 %) carotenoid content (Fig. 9) . The concentration of photosynthetic pigments was not modified by soil texture. No significant interactions among factors were observed (Figs. 8, 9 ).
Correlations between gas-exchange traits
Very high correlations between g S and E (linear in all cases; Fig. 10a, b) , A N and E (polynomial order 2, with the exceptions of well-irrigated CC and Curr plants that were linear at veraison; Fig. 10c, d) , and A N and g S (linear in well-irrigated Curr plants at veraison and at maturity and polynomial order 2 in the other cases; Fig. 10e , f) were obtained, both at veraison (Fig. 10a , c, e) and maturity ( Fig. 10b, d , f). Plants grown under CC had higher E rates for the same g S than plants grown under Curr (Fig. 10a, b) . In addition, plants under CC had higher A N rates for the same transpiration and stomatal conductance values compared with plants under Curr (Fig. 10c-f ).
Discussion
It is evident that growth chambers and greenhouses, including the GCGs used in this study, typically do not necessarily represent natural growing conditions, where, for the example of grapevine studied here, the whole vineyard has a distinct microclimate. These limitations make it difficult to assess the effects of CC since plants in the field face multiple stress factors, and we currently do not know how they will interact with CO 2 , RH, temperature, soil texture, and water supply at the end of the century. However, we do believe that the use of GCG in the present study is suitable to allow us to compare current conditions with those projected for the year 2100 . The production of fruiting grapevines under controlled environmental conditions is an invaluable tool for viticulture research (Baby et al. 2014) . Despite its good adaptation to abiotic stress factors, grapevine growth has been reported to be sensitive to different environmental factors (Salazar-Parra et al. 2010) . Given the economic importance of this species and the changes in environmental conditions predicted for the near future, the aim of this study was to evaluate the individual and combined effects of CC conditions (atmospheric CO 2 level, temperature, and RH), water deficit, and different soil types on grapevine photosynthesis. With that purpose, greenhouse- Response of grapevine photosynthesis to climatechange conditions (elevated CO 2 , elevated temperature, and low relative humidity) CC significantly affected plant water status, reducing base water potential, especially at veraison (Fig. 2a) . Such a decrease was associated with increased leaf transpiration rates at veraison (not shown). By contrast, at maturity, plants grown under CC significantly reduced stomatal conductance, thus decreasing transpirational water vapor loss to that seen in plants grown under Curr. This decreased leaf transpiration probably contributed to reducing the differences in stem water potential between CC and Curr plants at maturity (Fig. 2b) . There are different possibilities to explain why grapevines in the CC treatment had more negative water potential both at veraison and at maturity than Curr controls. This difference is not likely to be related to root development because there were no significant differences between CC and Curr treatments in root fresh weight per plant (37 ± 3 and 41 ± 2 g plant -1 ). Alternatively, a lower hydraulic conductance in the CC treatments could explain such differences in water potential but, unfortunately, that possibility was not explored in this work. However, whole-plant hydraulic conductance in other species was reported to decrease in response to short-term (maize and Amaranthus hypochondriacus) as well as longterm (soybean and alfalfa) exposure to elevated CO 2 in plants grown in growth chambers (Bunce 1996; Bunce and Ziska 1998) , with similar results seen in Pinus taeda grown at elevated CO 2 in free-air concentration enrichment facilities (Domec et al. 2009 ). It is unlikely that the differences in vapor pressure deficits (VPDs of 1.51 and 1.19 kPa, CC, and Curr, respectively), the higher temperature under CC, or the difference in transpiration rates can explain the differences in water potential between CC and Curr.
Under well-watered conditions, plants exposed to CC had higher A N compared to those grown under Curr, both at veraison and maturity (Fig. 3a, b) . Increased CO 2 levels stimulate photosynthesis and growth in the short term (Farquhar et al. 1980; Bindi et al. 1996; Wand et al. 1999) because Rubisco, the main carboxylation enzyme in C3 plants, is not CO 2 saturated at current ambient conditions. At 700 ppm, grapevines were most likely CO 2 saturated for Rubisco. Therefore, a CO 2 increase from the current concentration to 700 ppm may enhance CO 2 fixation rates (Long 1991) . Increases in A N were accompanied by lower R L rates (Fig. 3g, h ). Increases in leaf internal CO 2 concentration and in CO 2 /O 2 ratio at the Rubisco site favor carboxylation over oxygenation of ribulose-1,5-bisphosphate (Andrews and Lorimer 1987) , thus leading to reduced photorespiration rates, as observed in the present study.
The contribution of elevated temperature to the increase in A N under CC is less clear. Photosynthesis increases have been observed after exposure of grapevine plants to elevated temperatures (Soar et al. 2009; Sadras et al. 2012) . Likewise, Bowen et al. (2004) reported enhanced photosynthetic rates in the grapevine cultivar Merlot after increasing maximal temperatures by 5-8°C. In contrast, Greer and Sicard (2009) did not find any significant effects of temperature increases from 24 to 28°C on grapevine photosynthesis. In agreement with the latter study, the impact of a 4°C increase in temperature was negligible compared with the effect of an increase of CO 2 levels up to 700 ppm in alfalfa (Sanz-Sáez et al. 2010 ) and grapevine (Salazar-Parra et al. 2015) plants. Therefore, although elevated temperature in the CC treatment may have partially contributed to the enhanced A N values, it is likely that the increase in CO 2 concentration was the main factor affecting photosynthetic rates under the present experimental conditions. In this paper, photorespiration (R L ) decreased in grapevine under CC and well-watered conditions compared with the Curr treatment, but this decrease apparently was the result of superimposed effects of elevated CO 2 , elevated temperature, and lower RH. In a previous study, the effect of temperature (?4°C) on grapevine photorespiration was analyzed individually, and as expected, R L increased (Salazar-Parra et al. 2015) . Photorespiration is known to be a particularly temperature-dependent process, because CO 2 becomes less soluble and O 2 becomes more soluble as the temperature rises.
While short-term exposures to elevated CO 2 increase photosynthesis, long-term exposures often lead to biochemical and molecular changes resulting in photosynthetic downregulation (Long 1991; Long et al. 2004; Irigoyen et al. 2014; Salazar-Parra et al. 2015) , characterized by a decrease in photosynthetic capacity and lower stomatal conductance. However, effects of elevated CO 2 not only depend on the duration of exposure, but also on the ability of plants to use the additional C in its sugarconsuming sink tissues (sink capacity). The downregulation process has often been related to source-sink imbalance (Arp 1991; Stitt 1991) . Plants will only respond to elevated CO 2 if there is plasticity in the plant to produce new organs, such as new leaves or branching, which consumes the additional assimilated C. In the present study, final total plant dry weight did not differ between CC and Curr plants (not shown), which should lead plants grown under elevated CO 2 to downregulate photosynthesis. Indeed, even though plants grown under CC maintained high A N rates at maturity, a decrease in photosynthetic capacity was evidenced when A N was measured at the same CO 2 -T-RH conditions in CC and Curr plants (Table 3) . Furthermore, CC led to reduced leaf N content and a higher C/N ratio (Table 3) , which can be considered clear signs of photosynthetic downregulation under elevated CO 2 (SanzSáez et al. 2013; Salazar-Parra et al. 2015) . The results obtained in the present study thus suggest that long-term exposure of grapevine plants to elevated CO 2 induced photosynthetic downregulation. Elevated temperature in the CC treatment may have further contributed to this downregulation. The photosynthetic response to elevated CO 2 depends on other co-limiting environmental factors such as temperature ). In addition, recent studies of photosynthetic downregulation under (Aranjuelo et al. 2005) as well as in Rubisco activation (Erice et al. 2006 ). Finally, a decreasing trend in the rate of photosynthesis from veraison to ripeness in grapevine, related to phenological changes, has been reported in the literature (Lebon et al. 2008) . Salazar-Parra et al. (2012a) reported a reduction in A N from veraison to maturity in grapevine plants grown under both CC (elevated CO 2 and elevated temperature) and current conditions. By contrast, in the present study, plants maintained high A N rates at maturity in all the treatments assayed (Fig. 3b) . This may be related to differences in plant sink strength between these two studies. While in the Salazar-Parra et al. (2012a) experiments, vegetative plant growth was controlled by pruning, plants in the present study were not pruned and vegetative growth continued, thus presumably supporting high A N rates in all treatments.
Effect of water deficit on grapevine photosynthetic activity
Water deficit significantly reduced grapevine water potential (Fig. 2a, b) . Similar results were obtained by other authors (reviewed in Chaves et al. 2010) , both for potted (Antolín et al. 2006 ) and field-grown (Sousa et al. 2006 ) grapevine plants of the Tempranillo variety. In addition, a decrease in A N was observed here both at veraison and maturity (Fig. 3a, b) , which was presumably associated with a reduction in CO 2 availability when plants closed stomata to prevent water loss (Morales et al. 2006) , as suggested by the reduction in g S and C i (Fig. 3c-f ). The close correlation between A N and g S observed here both at veraison and maturity supports that the decline in A N was largely a consequence of stomatal closure (Medrano et al. 1997) . Fluorescence parameters did not indicate important changes in PSII efficiency induced by drought (Fig. 5) . Only a small decrease in A PSII was observed in plants subjected to water deficit at maturity, which probably had no major implications on photosynthetic performance. Even though both stomatal closure and decreases in PSII photochemistry can contribute to decreases in photosynthesis (Morales et al. 2006) , the level of water deficit applied in the present work was likely not severe enough to cause major direct effects on PSII.
The fact that drought did not reduce photosynthetic efficiency of PSII much, whereas it drastically decreased A N , may create an imbalance between the number of electrons generated in the electron transport chain and the electrons used by Rubisco. Such an excess of electrons could either be harmlessly removed by photoprotective processes or lead to greater levels of reactive-oxygen species (ROS). Since there was no decrease in the concentration of Chl and carotenoids, as main targets of ROS, photoprotective mechanisms likely removed most excess light (see also Salazar-Parra et al. 2012b) . Increased thermal dissipation of excess light in plants exposed to water deficit was also consistent with the (small) decrease in actual PSII efficiency (presumably associated with increased thermal dissipation of excess light) in the presence of no decreases in q P (as indicative of a rather remarkable maintenance of ETRs).
Influence of soil texture on photosynthetic performance
Soil quality has both direct and indirect impacts on grapevine growth and physiology, and also has measurable effects on berry, must, and wine composition (Tardáguila et al. 2011) . Soil texture may influence soil-nutrient balance as well as soil water-holding capacity, which may have direct effects on grapevine photosynthesis. Tramontini et al. (2013) found that leaf gas-exchange measurements, such as A N , E, and g S , were greatly affected by soil type. In the present study, soil texture had few effects on grapevine water status and photosynthetic performance. However, a remarkable decrease in g S was observed at maturity in well-irrigated plants grown in soil with 8 % clay (Fig. 4) , as well as a slight decrease in q P (Fig. 6b) , which may be associated with the lower-water holding capacity of this soil mixture ( Fig. 1; Table 2 ). Nevertheless, these changes did not have remarkable implications on photosynthetic activity. The latter results agree with those of Tramontini et al. (2014) , who reported no significant differences in leaf gas-exchange parameters of grapevine plants grown in two soil types with different water holding capacity.
Interaction among climate change, water availability, and soil texture on grapevine photosynthetic activity No interactive effects of CC, water availability, and soil texture were observed for plant water status. Both CC and water deficit significantly reduced stem water potential regardless of soil texture (Fig. 2) . By contrast, significant interactions among factors were found for gas-exchange parameters (Figs. 3, 4) . Although CC increased A N under well-watered conditions, such positive effects were completely abolished by drought (Fig. 3a, b) ; under water deficit, CC plants showed similar A N rates to those grown under Curr, despite their higher sub-stomatal CO 2 availability. The low A N values observed in plants grown under CC and water deficit may result from high R L rates in these plants. In a similar way, the decrease in R L induced by CC in well-irrigated plants was not observed under water-deficit conditions, where plants maintained high rates of R L , even under CC. Stomatal closure induced by drought presumably led to a stronger reduction in the availability of CO 2 in CC plants, compared to those grown under Curr, as indicated by the C i values at maturity (Fig. 3f ).
An increase in WUE or instantaneous transpiration efficiency is generally observed in response to increased atmospheric CO 2 levels (Eamus 1991) , as plants respond with partial stomatal closure and the amount of CO 2 fixed per transpired water thus generally increases (Drake et al. 1997 ). In the same way, when grapevine is subjected to moderate water deficits, photosynthetic rates generally decline less strongly than stomatal conductance when pre-dawn water potentials decline, thus leading to a higher intrinsic WUE under mild-to-moderate water deficits versus well-watered conditions (Chaves et al. 2010) . In the present work, both CC and water deficit, applied as single factors, significantly increased WUE of photosynthesis, regardless of soil texture (Fig. 3i, j) . However, when these environmental factors were applied simultaneously, additive and even synergistic effects on WUE were observed, with the enhancement of WUE by CC being clearly higher in plants grown under water-deficit conditions. The latter results agree to those of Centritto et al. (1999) , who observed that elevated CO 2 concentration increased whole-plant WUE of cherry plantlets cultivated under drought conditions. The results suggest that in a future environment of increased atmospheric CO 2 concentration and air temperatures, as well as lower atmospheric RH, WUE of grapevine plants may be higher under water-deficit conditions.
Conclusion
CC (elevated CO 2 , elevated temperature, and reduced RH) increased the photosynthetic activity of grapevine plants grown under well-watered conditions. The beneficial effects of elevated CO 2 , elevated temperature, and low RH on photosynthesis were abolished by water deficit. Signs of photosynthetic downregulation were observed after longterm exposure from fruit set to maturity to these conditions. Both CC and water deficit, especially when applied in combination, increased WUE. Soil texture had no remarkable effects on photosynthetic performance and did not modify the photosynthetic response of grapevine plants to CC and water-deficit conditions.
